Technical Paper Addendum for DARPA
Grand Challenge

Submission for the DARPA Grand Challenge Race

Team Name: AVID-ET & SciAutonics

(formerly SciAutonics Il - TRUGGY)
Team Leader: Paul Gunthner

SciAutonics, LLC

P.O. Pox 1731

Thousand Oaks, CA 91360 — 1731
Vehicle Name: Avidor-2004

(formerly TRUGGY)

The origind SciAutonics Il Grand Challenge (GC) entry vehicle was based on alarge,
heavy and very powerful custom built "cross' between atruck and dune buggy (henceits name:
"Truggy "). While dill staying in the general class of dune buggies, we now wish to replace the
origind Truggy with the "Avidor-2004', amuch lighter dune buggy, better suited for the GC,
which is based on the commercidly available "Tomcar” (modd TM27G) developed and
produced by Tomcar, Ltd.

Should this Addendum be gpproved, we will be changing our team name from
“ScAutonics I - TRUGGY” to “AVID-ET & SciAutonics” and the vehicle name from
“TRUGGY” to “Avidor-2004"

Disclaimer: “The views, opinions, and/or findings contained in this paper are those of tt
participating team and should not be interpreted as representing the official policies, eit
expressed or implied, of the Defense Advanced Research Projects Agency or the Dep:
of Defense. DARPA and DoD cannot guarantee the accuracy or reliability of the inform
in this paper. The paper is published by DARPA as a service to those who seek additio
technical information concerning the DARPA Grand Challenge of March 2004.”
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1 System Description

1.A Mobility

1.A.1 Means of Ground Contact:

Ground contact is based on four standard whedls using rubber tires for surface friction, as shown
in Fgures 1-3 of the Appendix:

Front wheds: AT 25 x 8-12 ("Runflat" type).

Rear wheds: AT 26 x 12-12, 10 ply.

Front suspenson.  Double wishbone, heavy duty 13" (330mm) trave.
Rear suspenson:.  Tralling arm, stabilizer heavy duty 13" (330mm) travel.

1.A.2 Challenge Vehicle Locomotion

Locomotion: Provided by an internd combugion 4-stroke 3 cylinders water-cooled
engine driving the 2 rear whedlsthrough a CVT and F/N/R gearbox.

Steering Rank & pinion, 1.6 Rev. (576 deg.) lock to lock (27.9 ft or 8.5m turn radius)
Braking: Double hydraulic pump with vacuum amplifier, 4 drums.

1.A.3 Means of Actuation

Actuation is gpplied to the steering whedl, accelerator and brake peda. All the actuators contain
graphite brush DC motors, gears and shaft encoders, and are linked to the vehicle components

viatransmisson bdts or chains
Steering: A manud clutch disables the steering servo and enables a human driver
to take over control for dua mode (manned and unmanned) operation.
Braking: The braking servo enables a human riding in the vehicle to dill press

the braking pedal for dud mode operation. If power is lost to the
actuator, a soring activated piston inddled in pardld to the servo is
released and applies sufficient force to brake the vehicle.

Accderaion The throttle servo enables a human riding in the \ehicle to Hill press the
gas peda for dua mode operation. If power is logt to the actuator, a
goring inddled in padld to the cable goplies sufficent force to
overcome the servo command.

1.B Power

1.B.1 Source of Power

The vehicle is powered by an internd combustion engine of 34 HP a 4200 rpm, equipped with
two aternators providing together 135A at 24V (3240 W). The dternators are used to charge two
24V batteries each one of 56AH.
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1.B.2 Maximum Peak Power Consumption

The maximum dectrica peak power consumption is less than 3000 Watts.

1.B.3 Fuel

The vehicle uses a 115 liters (gpprox. 30 gdlons) of regular (87 octane) unleaded gasoline This
is sufficient to achieve dmost 400 miles of off-road driving.

1.C Processing

1.C.1 Computing Systems: Number, Type, and Primary Function of each Computing System

The computing system is comprised of a st of rugged computers that are communicating
through wired Ehernet (connected to a 100 Tbase switch). The operating systems are Windows
2000/XP and Linux. The architecture as outlined in the Appendix, Figure 4, maps modular
functionality on computers. For most modules, we intend to use a ruggedized laptop computer.

Here is a lig of the computers and their module assgnment: Vehicle control: ruggedized Iaptop.
Obstacle and environmental sensing: rugged PC with PCI interface card. Road / path finding:
ruggedized laptop, PCMCIA framegrabber and firewire interface. Path planning: ruggedized
laptop. RASCAL Brain: ruggedized lgptop. A number of smple microcontrollers will be used
to interface the computers to sensors and actuators.

1.C.2 Sensor Data Interpretation

The sygem for autonomous driving uses the sensors described in section 1.E. The principa
components of this sysem and their interconnections are shown in the sysem diagram in the
Appendix, Figure 4.

The Pah Panning module (PPM) dynamicaly computes the path to be followed using
information from the pre-processed maps (see section 1.D.1) and GPSIMU tracking, “corrected’
by the roadftrail tracking module (RTTM). The suggested path forward is passed on to the
RASCAL Brain module (RBM). If no obstacles are seen by the Obgtacle Detection module
(ODM), the path information is passed on to the Vehicle Control module (VCM). It interfaces
with the low-level vehicle control systems (throttle, brake, steering, and gear) in order to guide
the vehicle dong the proposed path. The ODM “interrupts’ the RBM upon detecting an obgtacle.
It provides spatid data, indicating obstacle distance and angle relative to the forward axis. The
RBM, in collaboration with the PPM, then re-computes a path that is sent to the VCM to
maneuver the vehicle around the obstacle encountered. In addition, the RBM controls vehicle
goeed based on  atitude/environment sendng and the condraints imposed by Phasdine
Waypoaints (provided by DARPA).

The above-mentioned control by RBM will be accomplished through a drategy-based control.
Strategies for vehicle behavior are devised based on information such as terrain type, current
gpeed, obgtacles (if any), and s0 on. A drategy context is maintained dl the time to indicate the
srategy that is being executed. When a context change occurs, such as a new obstacle detection
in the path, an appropriate bit is st to indicate the changed context, and a new drategy is
initiated by a lookup in a hash table. This dlows for rapid change in vehicle behavior in dynamic
response to environmenta conditions.
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The RTTM provides its information based on computer vison methods. The 2D tracking of the
trall / road edge is interpreted into the 3D parameters vehicle yaw angle and offset relative to the
borders of the trail / road.

1.D Internal Databases

1.D.1 Types of Maps

Usng the DARPA supplied waypoint list distributed two hours prior to the gart of the race, we
will andyze the route and create a subset of map data dong the route. These pre-processed maps
will be produced through andyzing publicly avalable daasets from USGS such as Digitd
Elevation Modds (DEM), Digitd Line Graphs (DLG), and agrid photographs such as DOQQs
in the context of the DARPA waypoints. The result of this anadyss will contain micro-waypoints
(additiond waypoints between DARPA-provided waypoints) and information extracted from
terrain features in the DEM mode as to the type and gradient of the path between the micro-
waypoints. These micro-waypoints and the pre-processed maps will then be uploaded to the
vehicle just before the race.

1.E Environment Sensing

1.E.1 Sensors

The environmentd sensors are divided into those used for sendang changes in the terrain,
obstacles, roads, or other vehicles at reldively large distances and those useful a reatively short
distances. The long-range sensors will be used to sense the region in front of the vehicle that is
generdly located in ether the horizonta or verticd planes. At moderate or high speeds, the dita
from the long range sensors will be avalable in time to meke changes in the heading and/or
speed of the vehicle to either avoid the obstacle or to switch to a dow speed obstacle avoidance
mode. The short-range sensors will be used to sense regions to the sdes and rear of the vehicle
as wdl as in front of it. They will provide input for obstacle avoidance-path planning as the
vehicle moves a low speeds. The generd characteristics of each of the sensors are summarized
below.

Video camera — passive. A st of video cameras (pinhole lens, NTSC video, 30 fps) will be
primarily used as a long-range sensors for detecting the edges of the road/trail and other vehicles
in the forward direction. Their senang horizon depends on the vighility and how they are amed.
A maximum sensing distance of up to 100 m will be achievable on flat Sraight paths.

LADAR - active. The LADAR sysem will be primarily used for detecting obstacles a large
digances in front of the vehicle. It has the capability of detecting targets & a maximum range of
80 m with a range resolution of ~ 0.3 m. An infrared laser beam is mechanicaly scanned over an
angular range of up to 180° in 1° steps. The frame update time is 13 ms. At a speed of 30 mph,
the vehicle will travel ~0.17 m between updates. The latency when tracking targets in successive
frames may be as much as 39 ms. This sensor will provide range and azimuth data for obstacles
and other vehicles that must be avoided as the vehicle moves dong the corridor between
waypoints. As many as four LADAR units (SICK LMS) will be used for long-range obstacle
detection. In this configuration, one of the units will be used for detecting obstacles within a 100°
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sector of the horizonta plane directly in front of the vehicle and ether one or two units will be
used for detecting obstacles in the horizontd plane of the left and right forward quadrants to
provide obstacle detection when maneuvering to the left or right. One of the LADAR systems
will be mounted so that the laser beam is directed forward and scanned in devation. This will be
used to obtain quantitative information about the contour of the path including both postive and
negetive obstacles.

RADAR - active. The RADAR sysgem (from Epslon Lambda) will be primarily used for
detecting obgtacles at large distances in front of the vehicle. It is capable of detecting targets a a
maximum range of 110 m with a range resolution of 1 m. The microwave beam is mechanicaly
scanned horizontdly over a maximum angular range of + 20° with an azimuth angular resolution
of 1.8° It will dso have a capability to provide target elevation data over a range of 7.6° with a
resolution of 1°. The RADAR will be used to supplement the obstacle detection capability of the
LADAR sysem in gtudions where vishility is limited by dud, fog, or rain. It will dso be rdied
upon when the LADAR system is “dazzled” by the sun.

Ultrasonic — active. The ultrasonic range finder will be primarily used for detecting obstacles at
short distances on the ddes, in front of the vehicle, and to the rear of the vehicle. It will rely on
the diffuse reflection of ultrasonic waves from obstacdles. Its maximum usgble range is edtimated
to be 9-10 m. There will be severd ultrasonic units located around the vehicdle with a fixed
pointing direction for each one. Use of these sensors will assure that the vehicle can sense nearby
objects, even when bright sunlight or obscurants such as fog or dust temporarily disable or
confuse the opticd sensors. The update time for this sensor will be 100 ms. It will be chiefly
used during relaively low speed obstacle avoidance maneuvers. At a speed of 10 mph, the
vehicle will travel ~0.45 m between updates.

Photoelectric — active. The photodectric sensors will be Rockwel Automation types commonly
used in indudrid automation, in close proximity to human operators. They emit low duty cycle
pulsed LED light beams, expanded by a lens to about 1 cm diameter unfocused beams. The
magority of the approximately 24 photoeectric sensors to be used around our vehide will be of
the diffuse reflection sensing types. In a few cases, retro-reflectors will be used to dlow obstacle
detection by interruption of light beams. Depending on the specific methods employed for
indalation of the photodectric sensors, they will provide information about the presence,
gpproximate range and location in combination, or only about the presence of the obstacle and a
rough idea of the generd location around the vehide Time modulatiion of the LED light sources
will dlow the sensors to operate in the presence of condderable externd light. Their maximum
usablerangeis5-6 m.

Tactile — passive. FHexible bumper tactile sensors will be able to detect contact with objects at <
8 inches around the vehicle. They will use a combinaion of eectro-mechanica micro-switches,
and/or interruption of sdf-contained low power light circuits to detect bumper motion in
respponse to pressure contact. Ther desgn will diginguish between motions due to vehicde
vibrations and shaking and those due to object contact.

1.E.2 Locations

All sensors will be mounted on or within the roll cage protecting the interior of the vehide.
There will be no extensons from the vehicle via magts, ams, or tethers. As dated in section
1.A.1, the sensors will be located around the periphery of the vehicle so that range and image
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data can be obtained from an area of concern (AOC) that surrounds the vehicle. The AOC will
have a genedly dliptical shgpe tha will extend more towards the forward direction than
towards the sides or backward direction. The boundaries of the AOC will dynamicaly change as
the vehides speed changes. The sensors will operate continuoudy while the vehicle is moving.
Range and/or image data will be supplied to the “RASCAL brain”, where it will be combined
with waypoint corridor information to determine if detected objects must be avoided. The
sensors will be controlled from the ODM and the AES computers via andog and serid
interfaces.

1.F State Sensing

1.F.1 Sensors for vehicle state

The date parameters of the vehicle that will be monitored are its globa postion via differentiad
GPS, its locad direction, orientation, and distance traveled, and its vertica accderation. In
addition, there will be direct sensng of the date of the vehicle's transmisson (reverse, neutra, or
forward), the steering angle, the throttle position, and the braking pressure.

The primary navigaion will be through a Navcom Stafire SF2050G DGPS receiver. It will be
hooked up to alMU (Rockwell Callins GMC-10, dternatively a Systron Donner C-Migit 111).

Differential odometer. The incrementd didance travded by the vehicde during a Seering
maneuver will be measured usng a Hal effect sensor on the drive shaft tha will provide 16 to
32 pulsesrevolution. This will provide input for the deering of the vehide with the assumption
that there is no dgnificant dippage of the tires The precise distance travded over larger
distances such as between waypoints will be obtained from the GPSIMU system.

Speed. For deering, the speed will be obtaned from the Hal effect sensor. The pogtion
information from the GPSIMU will provide the speed of the vehicle for travel over larger
distances such as between waypoints.

Accelerometer. An accelerometer cgpable of senang movements in the vertical direction will be
used to monitor the roughness of the terain. It will provide input for evauating the maximum
safe speed within the overall speed limit imposed by the way point/corridor rules.

Steering rate and angle. This will be measured usng an angular encoder on the Steering
column. It will be used dong with the input from the differentid odometer, path planning
information, and vehicle characteridics (such as maximum yaw accderdion) to provide
autonomous steering.

1.F.2 Performance monitoring

Each module will provide data about its performance. If the performance is degraded, this will be
consgdered by the RBM unit in choosng the appropriate Strategy. The communication between
modules is asynchronous, so that a fallure of one component does not prevent the remaining
sysem from functioning. If a module has “died”, the absence of its communication is noted by
the RBM module.
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1.G Localization

1.G.1 Geolocation

The vehidle determines its geo-location usng E-Op's GemiNav INSDGPS system that uses the
Northrop Grumman LN-200 IMU and Trimble Pathfinder DGPS unit.

1.G.2 GPS - Loss of Signal

In the absence of GPS data due to communication outages the IND/DGPS system is aided by a
3D-magnetometer and the vehicleés odometer. The Kdmen filter of the Navigdion system
continuousy blends the INSDGPS data with the odometer and magnetic compass. As a result
the compass and odometer are congtantly caibrated and provide farly accurate information.
During GPS outages the INS uses only odometer and magnetic compass data to aid the inertia
data.

1.G.3 Route Boundaries

The micro-waypoints will be cdculated s0 that the route will stay within the given route
boundaries. While driving, the sysem can venify that it remains within the route boundaries
through its GPS and IMU. If the system redizes that it gpproaches the route boundary, it will
dow down the vehidle If it redizes tha the chosen route would lead outside of the given route
boundaries, the PPM will recaculate the route in order to stay within the boundaries.

1.H Communications

1.H.1 Wireless broadcast

Our vehicle will not broadcast any wireless transmisson.

1.H.2 Wireless reception

Except recelving the E-Stop sgnd, GPS sgnds and the Starfire DGPS subscription sgnd, our
vehicle will not receive any wirdesssgnd.

1.1 Autonomous Servicing

1..1  Refueling
The vehicle will not be autonomoudy refueed. Its fud supply will last for the entire race.

1.1.2  Additional servicing activities
The vehicle will not be autonomoudy serviced.

1.J Non-Autonomous Control

1.J.1 Manual control

The vehide has the cepability to be safdy driven by a humen driver, by disengaging the
autonomous control system and steering system. The vehicle will not support aremote control.
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2 System Performance

2.A Previous Tests

The SciAutonics team has conducted tests of sensor in the Mojave desert. We have tested hand-
held laser distance messurement units and have verified detection of hills and bushes. We have
acquired a SICK LADAR sensor and have verified its detection capability up to a look-ahead
distance of 80 m. We have verified the ability of optical sensors to detect objects within a short
distance (up to 3 m).

During fidd trips to the Mojave desart, we have recorded more than 7 hours of video from a
vehide-mounted camera, recording the path ahead. We have ran pat of these video sequences
through our path tracking software. Screenshots depicting the results of this road tracking
software are in the Appendix, Figure 5 and Figure 6.

2.B Planned Tests

Our vehicle exigts as being manudly driven. We are in the process of inddling the actuators and
sensors for automated driving. Our plan cdls for the firg autometic driving tests a the end of
October 2003.

3 Safety and Environmental Impact

3.A Top Speed of Vehicle
The top speed of the vehicle is 40 miles per hour.

3.B Maximum Range of Vehicle

With afull tank of gasoline, the maximum range of the vehicle is some 400 miles

3.C Safety Equipment on-board the Challenge Vehicle

3.C.1 Fuel Containment

Fud containment will be achieved by usng a specidly enforced and protected, fully seded and
contained ingde the chassis danless sed gasoline tank designed to meet the most demanding
racing car standards.

3.C.2 Fire Suppression

Fire suppresson will be achieved by manudly usng two 1 kg eech, hdon fire extinguishers
externdly mounted on both sides of the vehicle
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3.C.3 Audio and Visual Warning Devices

Audible dam — An audible dam shdl be mounted on the vehicle tha will meet the audible
aarm specification defined by the GC rules.

Flashing Strobe — A flashing drobe shdl be mounted on the vehide that will meet the
gpecification defined by the GC rules.

3.D E-Stops

3.D.1 Execution of Emergency Stop Commands

Software contralled stop: In this mode, a pre-determined procedure will be promptly executed by
commanding the vehicle's speed control loop and the rate of turn control loop. The command
to the vehicle's speed control loop esures the fastest dlowable stop. The rate of turn control
loop ensures the safe hdt of the vehicle without dippage, rotation or turning over. The
system will remain in standby mode until dlowed to resume.

Hard E-stop: The Hard E-stop cuts the engine and the main power circuits of al the onboard
systemns, while releasing the brake accumulator that operates the brakes system.

3.D.2 Manual E-Stop Switches

The vehicle has three large red colored manua, mushroom shaped EStop switches distributed a
esdly accessible locations on the outsde of the vehide Pressng any of these switches will
immediately dat a Hard E-sop procedure, namdy it will promptly disble the vehicles engine
and its entire eectricad power system

3.D.3 Placing into Neutral

The trangmisson can be put in neutrd with a movement of the automatic shift handle by pulling
apin marked “Neutral” (in bold letters). When in neutra, the vehicle can be towed.

3.E Radiators

3.E.1 All Devices that actively radiate EM enerqy

The LADAR sysem uses a class 1 (eye sdfe) laser to obtain range information. The laser
operates at a waveength of 905 nm and emits a pulse having an energy of ~300 pJnf and a
mean power of 435 mW/n? with a minimum diameter of ~2 cm. This is less than the ANS
standard for aclass| laser of <0.19 uJto 1.2 mJ.

The RADAR sygem emits an FM-CW beam with acenter frequency of 76.5 + 0.2 GHz and a
power of 1 mw over an area of ~100 cn?. This is less than the ACGIH (American Congress of
Government Industria Hygienist's) safety Threshold Limit Vaue (TLV) of 10 mWi/ent.

The ultrasonic sensor uses an eectrodatic transducer from SensComp that operates at 50 kHz
and emits ultrasonic energy with a tranamitting sengtivity of 84 dB re 20 pPalV a 1 m. This is
less than the ACGIH safety TLV of 110 dB re 20 pPa.

The photodectric sensors emit incoherent light in the near infrared (850-950 nm). They do not
present an eye hazard at any distance or in any configuration.
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3.E.2 Hazardous devices
Other than the vehicle itsdlf and the fud onboard, there are no hazardous devices.

3.E.3 Safety Measures

The maximum power radiated by the RADAR system is bdow the threshold limit vaue for the
15 GHz — 300 GHz frequency range. However as an additiond safety measure the radiation will
be automaticdly turned off when the vehicle is in normd E-Stop mode or is parked at the
checkpoint. This means that whenever the vehicle is not operating in autonomous driving mode,
the radar will be shut off and will not emit any radiation.

3.F Environmental Impact

3.F.1 Properties:

No sgngle propety of our smdl Chalenge Vehide can concavably cause environmentd
damage, including damage to roadways and off-road surfaces.

3.F.2 Maximum physical dimensions
The maximum physical dimensions (length, width, and height) and weight of the vehicle are:

Width: 70"

Length: 111"

Height: 66" (net -- without the roof-mounted sensors)
Weight: when fully loaded, no more than 950 kg

3.F.3 Area of vehicle footprint

The area of the vehiclé's footprint (contact area between the wheds and the ground surface) is
not congtant, since it depends on severd varying parameters, like tire pressure, kind of soil/road,
speed, etc. However, it is estimated to be no less than a tota of 600 sg-cm. Thus the maximum
ground pressure will be no more than 1.6 kg/sg-cm, or less than 24 psi.
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Appendix

This gppendix contains additiona information that did not fit into the primary write-up of the
technica proposa.
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Figure 1-3. Dimensions of Avidor -2004
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System Diagram
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Figure4. System diagram of the Avidor -2004 control system. Thiscontrol system isidentical tothe RASCAL
system of team SciAutonics 1. The difference between SciAutoncis 1 and SciAutonics 2 isthe vehicleitself.
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Results of Video Processing for Path/Route Detection

Figure5. Screenshot of path searching. The green squaresmark the detected border of thedirt road.

Figure 6. Screenshot of road tracking software. The detected lane markings are shown with small green
vertical line segments.
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